Objective-Oxidized low-density lipoprotein (oxLDL)-induced apoptosis of vascular endothelial cells may contribute to plaque erosion and rupture. We aimed to clarify the relationship between the oxLDL-induced calcium signal and induction of apoptotic pathways. Methods and Results-Apoptosis was evaluated by biochemical methods, including studies of enzyme activities, protein processing, release of proapoptotic factors, chromatin cleavage, and especially by morphological methods that evaluate apoptosis/necrosis by SYTO-13/propidium iodide fluorescent labeling. The oxLDL-induced sustained calcium rise activated 2 distinct calcium-dependent mitochondrial apoptotic pathways in human microvascular endothelial cells. OxLDLs induced calpain activation and subsequent Bid cleavage and cytochrome C release, which were blocked by calpeptin. Cyclosporin-A inhibited cytochrome C release, possibly by inhibiting the opening of the mitochondrial permeability transition pore (mPTP). Calcineurin, another cyclosporin-sensitive step, was not implicated, because oxLDLs inhibited calcineurin and FK-506 treatment was ineffective. Cytochrome C release in turn induced caspase-3 activation. In addition, oxLDLs triggered release and nuclear translocation of mitochondrial apoptosis-inducing factor through a mechanism dependent on calcium but independent of calpains, mPTP, and caspases. Conclusions-OxLDL-induced apoptosis involves 2 distinct calcium-dependent pathways, the first mediated by calpain/ mPTP/cytochrome C/caspase-3 and the second mediated by apoptosis-inducing factor, which is cyclosporin-insensitive and caspase-independent. (Arterioscler Thromb Vasc Biol. 2005;25:639-645.)
A therogenesis is characterized by lipid deposition, a chronic inflammatory response, and chronic wound healing processes. 1, 2 Apoptosis may play a role in endothelial cell lining defects, necrotic core formation, or plaque erosion and rupture. [3] [4] [5] Among the variety of proapoptotic factors present in atherosclerotic plaques, oxidized low-density lipoproteins (oxLDLs) are thought to play a crucial role by concomitantly inducing lipid storage, local inflammation, and toxic events. 4, [5] [6] [7] [8] OxLDLs trigger apoptosis or necrosis of cultured vascular cells [7] [8] [9] and may therefore participate in vascular wall injury, plaque erosion/rupture, and subsequent athero-thrombotic events. 4, 5 The proapoptotic effects of oxLDLs are mediated through a complex sequence of signaling events that lead to activation of several caspase-dependent or -independent apoptotic pathways. 8, 9 Two separate caspase-dependent apoptotic pathways have been implicated in oxLDL-induced apoptosis. [7] [8] [9] The extrinsic apoptotic pathway, mediated by death receptors, Fas, and/or tumor necrosis factor receptor (TNFR) and downstream by caspase-8/caspase-3, is involved in oxLDL-induced apoptosis in endothelial cells. 8, 10, 11 However, a recent report contests this hypothesis. 12 The intrinsic mitochondrial apoptotic pathway, involving bcl-2 family members, cytochrome C, and caspase-3, is especially activated by oxLDLs. 8, 13 Moreover, a sustained rise of cytosolic calcium plays a central role in oxLDL-induced apoptosis/necrosis, 14, 15 possibly by activating the calciumdependent calpains and, subsequently, Bid cleavage and cytochrome C release. 15 However, whereas Porn-Ares et al 15 found that oxLDLs induce Bid truncation without any activation of caspase-3, Chen et al 12 observed that oxLDLs did not cause Bid truncation but activated caspase-3 in agreement with Dimmeler et al. 16 Furthermore, oxLDLs can activate a caspase-independent apoptotic pathway mediated by the release of apoptosis-inducing factor (AIF) from mitochondria. 17 Because data in the literature on mechanisms implicated in oxLDL-induced apoptosis are controversial and because calcium can trigger multiple apoptotic pathways, 18 we presently investigated the potential link between oxLDL-induced cal-cium signaling and the activation of mitochondrial apoptotic pathways.
Statistical Analysis
Data are given as meanϮSEM, and statistical significance was evaluated by 1-way ANOVA (Tukey test, SigmaStat software).
Results
The toxicity of oxLDLs was time-and dose-dependent and correlated with the extent of LDL oxidation. 14 OxLDLs obtained by UVϩcopper/EDTA oxidation or by cellmediated oxidation exhibited similar toxicity to cultured cells. 14, 26 We used preferably (UVϩcopper/EDTA)-oxLDLs, because cell-mediated oxLDL preparations may contain mediators secreted by cells that may interfere with oxLDL toxicity. 
Time Course of the Effects of oxLDLs on the Calcium-Dependent Mitochondrial Apoptotic Pathway and Apoptosis

Calcium/Calpain Mediates oxLDL-Induced Bid Cleavage, Cytochrome C Release, and Subsequent Caspase-3 Activation
When calcium in the culture medium was chelated by EGTA, under conditions blocking the rise in cytosolic calcium, 14 oxLDL-induced calpain activation, cytochrome C release, caspase-3 activation, chromatin fragmentation, and toxicity were inhibited ( Figure 1A through 1E ). It may be noted that EGTA did not inhibit apoptosis induced by taxol, a potent microtubule-damaging agent, when used as positive control.
To investigate whether calpain activation is involved in oxLDL-induced apoptosis, we used calpeptin, a selective inhibitor of calpains. Calpeptin inhibited oxLDL-induced As Bid can theoretically be cleaved by both calpains and caspases, 18 we used the multicaspase inhibitor zVAD-fmk and the caspase-2 inhibitor zVDVAD-fmk to investigate whether caspases were involved in oxLDL-induced Bid cleavage. As shown in Figure 2B , when used at effective concentrations, zVAD-fmk and zVDVAD-fmk did not prevent Bid cleavage, thus excluding any major role for caspases-8, -3, and -2.
These data strongly support the hypothesis that calcium and calcium-dependent calpains play a pivotal role in Bid cleavage and subsequent release of cytochrome C, which are caspase-independent.
A Cyclosporin A-Sensitive but FK-506 -Insensitive Mechanism Mediates oxLDL-Induced Cytochrome C Release and Subsequent Activation of the Apoptotic Pathway
Activated Bid (truncated Bid, tBid) can elicit cytochrome C release by 2 mechanisms. tBid, through its BH3 domain, triggers the translocation of Bax/Bak that oligomerizes and renders the outer mitochondrial membrane permeable (cyclosporin-A-insensitive mechanism); alternatively, tBid, through its non-BH3 domain, triggers inner mitochondrial membrane remodeling and opening of the mitochondrial permeability transition pore (mPTP; cyclosporin-A-sensitive step). [27] [28] [29] [30] In HMEC-1, cyclosporin-A inhibited the release of cytochrome C ( Figure 3A ) and subsequent activation of caspase-3 ( Figure 3B ), thereby suggesting that cytochrome C release did not result from a direct permeabilization of the mitochondrial membrane by Bax/Bak but rather involved mPTP opening which is cyclosporin-A sensitive.
However, cyclosporin-A may also inhibit calcineurin, a calcium/calmodulin-dependent proapoptotic protein phosphatase that activates the Bad-Bax/Bak pathway. 18 To evaluate the possible role of calcineurin, we used FK-506, a specific inhibitor of calcineurin. FK-506, used at effective concentration to inhibit calcineurin ( Figure 3C ), did not prevent the oxLDL-induced release of cytochrome C ( Figure 3A ) nor the subsequent activation of caspase-3 ( Figure 3B ). Moreover, oxLDLs induced marked inhibition of calcineurin ( Figure  3C ), indicating that the calcineurin-mediated apoptotic pathway plays no major proapoptotic role under our experimental conditions. Finally, this is consistent with the protective effect of cyclosporin-A, whereas FK-506 did not prevent oxLDL-induced apoptosis ( Figure 3D and 3E) .
These data demonstrate that in our model system oxLDLinduced apoptosis (i) requires the activation of the calcium/ calpain/Bid pathway and the release of cytochrome C, which is mediated by a cyclosporin-sensitive mechanism, possibly mPTP; (ii) does not require the calcium/calmodulin/calcineurin pathway; and (iii) is not mediated by a Bax/Bak oligomerization independent of mPTP.
Caspase Inhibitors Partly Prevent oxLDL-Induced Apoptosis
We next investigated whether the caspase-dependent pathway is the only apoptotic pathway activated by oxLDLs, using the caspase-3 inhibitor DEVD-CHO and the multicaspase inhibitor zVAD-fmk. These caspase inhibitors did not prevent the release of cytochrome C ( Figure 4A ), a finding consistent with the lack of effect of zVAD-fmk on the oxLDL-induced Bid cleavage ( Figure 2B ). As expected, DEVD-CHO and zVAD-fmk completely inhibited caspase-3 cleavage and activation ( Figure 4B and 4C), but these inhibitors only partially blocked oxLDL-induced chromatin fragmentation and apoptosis ( Figure 4D through 4F ). It should be noted that cotreatment with calpeptin and zVAD-fmk exhibited the same protective effect as each inhibitor used alone ( Figure  4F ), thus suggesting that these inhibitors act on the same apoptotic pathway.
Because calpeptin and cyclosporin-A, like caspase inhibitors, completely blocked caspase-3 activation but only partially inhibited chromatin fragmentation and cell death ( Fig-ures 2 and 3) , this led us to examine the possibility that a calcium-dependent caspase-independent apoptotic mechanism might be implicated in oxLDL-induced apoptosis.
OxLDLs Trigger the Activation of AIF Through a Calcium-Dependent Pathway
Zhang et al 17 recently reported that oxLDLs enhance the expression of AIF, and thereby promote caspase-independent apoptosis. Therefore, we investigated whether oxLDLinduced AIF release is mediated by the same mechanism as cytochrome C release.
Western blot analysis of the cytosolic fraction of AIF showed that oxLDLs induced an increase in AIF in the cytosolic fraction in a time-and dose-dependent manner ( Figure 5A and 5B) . Interestingly, oxLDL-induced release of AIF from mitochondria to cytosol was inhibited by EGTA but not by calpeptin, cyclosporin-A, or zVAD-fmk ( Figure 5C ). These data suggest that oxLDL-induced AIF release is calcium-dependent but independent of calpain activation, mPTP opening, and caspase activation. In control cells, immunofluorescence staining revealed the localization of AIF in mitochondria and the absence of nuclear labeling ( Figure 5D ). In contrast, oxLDL-treated cells exhibited a partial relocation of AIF in the cytoplasm and the nucleus. Among the inhibitors that we used, only EGTA was able to block AIF release, whereas calpeptin, cyclosporin-A, and zVAD-fmk were ineffective.
We conclude that oxLDL-induced AIF release and nuclear translocation require calcium signaling but not calpain and mPTP activation.
Discussion
OxLDLs can trigger apoptosis or necrosis of cultured vascular cells 8, 9 and may therefore participate in vascular wall injury, necrotic core formation, plaque erosion/rupture, and in subsequent athero-thrombotic events. 4, 5 Several signaling pathways activated by oxLDLs could potentially trigger apoptosis or necrosis. [7] [8] [9] However, the data on signaling and apoptotic pathways triggered by oxLDLs are rather scattered. In this study, we attempted to clarify the relationship between the calcium rise and the mitochondrial apoptotic pathways triggered by oxLDLs.
The data reported here provide new evidence indicating that oxLDLs induced 2 calcium-dependent mitochondrial apoptotic pathways; one mediated by cytochrome C, the other by AIF ( Figure II , available online at http://atvb.ahajournals.org).
Calcium
The crucial role of calcium in oxLDL-induced apoptotic signaling was demonstrated by the use of EGTA (at a concentration that buffered extracellular calcium but that avoided the toxic effect of higher concentrations of the chelator). In our model, the oxLDL-induced rise in cytosolic calcium level was required to trigger the activation of the mitochondrial apoptotic pathway, because the calcium chelator EGTA blocked Bid cleavage, cytochrome C release, and subsequent apoptotic events. This finding is consistent with reports pointing to the role of calcium on the toxicity of oxLDLs 14 -16 or oxysterols 31 and to the protective effect of calcium channel blockers 31, 32 Because high cytosolic calcium levels can theoretically activate several proapoptotic mechanisms mediated by calcium-dependent enzymes, mPTP opening, or calciuminduced osmotic swelling/rupture of mitochondrial membranes, 18, [27] [28] [29] it was of interest to identify the calciumdependent apoptotic pathways leading to release cytochrome C in our cell system.
Calpains
The role of the calpains in apoptosis is somewhat controversial, because they have reported to be either proapoptotic or antiapoptotic. 18 Our data suggest that calpains play a crucial role in the oxLDL-induced activation of the mitochondrial apoptotic pathway ( Figure II) . The data reported here reveal that calpains induce Bid cleavage and cytochrome C release and subsequent caspase-3 activation as assessed by the inhibitory effect of calpeptin. Our data also permitted us to exclude the hypothesis that calpains directly activate caspases, 18 because the activation of executioner caspase-3 was mediated through the mitochondrial apoptotic pathway and was blocked by cyclosporin-A. Other potential candidate proteases, such as cathepsin B and proteasome, can also be excluded, because they are not calcium-dependent and because inhibitors of cathepsin B 16 or proteasome 20 are not effective in inhibiting the oxLDL-induced apoptosis.
Bid
Bid, a proapoptotic BH3-only member of the Bcl-2 family, can theoretically be activated by various proapoptotic pathways, including death receptors/caspase-8, 18 caspase-2, 18, 33 and calcium/calpains. 15 In our model system, oxLDL-induced Bid cleavage is mediated by calpains in agreement with Pörn-Ares et al 15 but independent of caspase-8 or caspase-2, because it was inhibited by calpeptin but not by the multicaspase inhibitor zVAD-fmk and the caspase-2 inhibitor zVDVAD-fmk.
Bid cleavage results in formation of the active truncated form tBid that can promote release of cytochrome C. Several mechanisms have been proposed for the action of tBid, including the possibility (i) that tBid promotes the oligomerization of Bak and Bax, (ii) that tBid itself homooligomerizes, and (iii) that tBid induces inner mitochondrial membrane remodeling and mPTP opening. 18, [27] [28] [29] 34, 35 In our model system, tBid mediates the release of cytochrome C through cyclosporin-sensitive and calcium-dependent mechanisms in agreement with the data of Walter et al 13 and Pörn-Ares et al, 15 thereby suggesting a role for mPTP which is calcium-dependent and cyclosporin-sensitive. 18, 28 
Cyclosporin Targets
Cyclosporin-A inhibits several proapoptotic signaling pathways that lead to mitochondrial cytochrome C release. The initial specific target of cyclosporin-A is the mPTP, which is formed by adenine nucleotide translocator, by cyclophylin D (the target of cyclosporin-A), by voltage dependent anion channel, and by the peripheral benzodiazepine receptor. [27] [28] [29] Moreover, recent data suggest that cyclosporin-A can prevent the tBid-induced destabilization of the mitochondrial membrane. 34 Another target of cyclosporin-A is the calcium/calmodulin-dependent serine/threonine protein phosphatase calcineurin that may activate the Bad/Bax/Bak pathway. 18 Calcineurin plays no prominent role in oxLDL-induced apoptosis because the calcineurin inhibitor FK-506 did not prevent apoptosis, and because calcineurin was inhibited by oxLDL treatment. Our data are in contrast with the activation of calcineurin reported in oxysterol-induced apoptosis. 31 This discrepancy could result from oxidized lipids contained in oxLDLs which can inhibit calcineurin and other protein phosphatases. 36, 37 Caspases Under our experimental conditions, we observed that oxLDLs induced caspase-3 activation. Although caspases have been reported to be substrates for calpains, 18 caspase-3 was cleaved and activated through the conventional cytochrome C pathway in our system, because it was inhibited by cyclosporin-A which acts downstream of calpains and blocks cytochrome C release. These data are in agreement with those of Dimmeler et al 16 and Chen et al, 12 but are in contrast to those of Pörn-Ares et al, 15 who reported that oxLDLs cause ubiquitination and inactivation of caspase-3. This discrepancy may result from differences in the level of LDL oxidation because our oxLDL preparations are mildly oxidized (6 to 9 nmol TBARS per mg apoB), whereas those used by Pörn-Ares et al 15 are extensively oxidized (25 to 45 nmol TBARS per mg apoB). The higher level of oxidized lipids in oxLDLs may explain both ubiquitination and enzyme inactivation, because highly oxidized LDL may induce cell protein modification and enzymes inactivation. 20
Cell Death Receptor-Mediated Extrinsic Apoptotic Pathway
OxLDL-induced apoptosis has also been shown to be mediated by cell death receptors, including Fas and TNFR, and subsequently by caspase-8. 9, 11 Interestingly, in our model system, caspase-8 played no major role because (i) apoptosis was calcium dependent, whereas Fas and TNFR signaling pathways are calcium-independent; (ii) cleavage of Bid was only poorly sensitive to zVAD-fmk, a multicaspase inhibitor able to inhibit caspase-8; and (iii) a direct activation of caspase-3 by caspase-8 was also excluded, because caspase-3 activation was mediated through a mitochondrial cyclosporin-sensitive mechanism. This minor role (if any) of caspase-8 in HMEC-1 is in agreement with the data of Chen et al 12 but in contrast with those of Sata and Walsh 11 and Napoli et al, 9 who reported a role for death receptors and caspase-8 in oxLDL-induced apoptosis. This discrepancy may result from differences in the expression of TNF or FasL in endothelial cell subtypes used by the authors.
To summarize, in our model system, the signaling apoptotic cascade triggered by oxLDLs involved a sustained calcium rise, calpain activation, Bid cleavage, and cyclosporinsensitive release of mitochondrial cytochrome C, leading finally to the activation of apoptosome and executioner caspase-3 ( Figure II) .
AIF
Calpeptin and cyclosporin-A, 2 inhibitors of the oxLDLinduced cytochrome C-mediated apoptotic pathway, and the multicaspase inhibitor zVAD-fmk only partially blocked the oxLDL-induced apoptosis. It was therefore suggested that another caspase-independent apoptotic pathway was activated by oxLDLs. Zhang et al 17 reported recently that oxLDLs enhance the expression of the 57-kDa flavoprotein AIF, but the mechanism of release of AIF from mitochondria is indeterminate. Our data show that AIF release is calciumdependent, but that downstream from calcium, the pathways leading to release of AIF and cytochrome C are distinct because AIF release was not inhibited by calpeptin and cyclosporin-A in contrast to cytochrome C release and caspase-3 activation. Moreover, in our system, oxLDLinduced AIF release was not inhibited by zVAD-fmk and was independent of caspase activation, in agreement with the findings of Cande et al 38 but in contrast with those of Arnoult et al. 39 The mechanism by which calcium triggers AIF release is not firmly established, but poly(ADP-ribose) polymerase (PARP-1) may constitute such a link because calcium activates PARP-1 which in turn signals AIF release. 40 A particularly intriguing question is why the cell has evolved to use 2 different apoptotic pathways induced by toxic agents, like oxLDLs, that trigger unregulated calcium signaling. 18 The sustained rise of cytosolic calcium constitutes a lethal hit that activates both necrosis and apoptosis pathways. 19 Necrotic cells release proinflammatory molecules potentially dangerous to surrounding cells, whereas apoptosis may prevent or reduce the local inflammation because, in vivo, apoptotic cells are rapidly cleared by phagocytes. It may therefore be speculated that redundant apoptotic pathways selected during the evolution of multicellular organisms to effectively eliminate abnormal, infected, or damaged cells, are also activated in pathophysiological conditions to prevent the necrotic cell destruction and the subsequent local inflammatory processes.
From a pathophysiological point of view, increased apoptosis has been documented in atherosclerotic areas, particularly in lesions associated with unstable angina and ruptured plaques. 4 This suggests that apoptosis could play a critical role in plaque erosion and rupture and, subsequently, in athero-thrombotic events. [3] [4] [5] Because oxLDLs are present in atherosclerotic areas and can induce apoptosis of cultured vascular cells, 8, 9 it has been hypothesized that oxLDLs and other toxic compounds, including Fas/FasL and inflammatory cytokines, could converge to trigger apoptosis during atherogenesis and plaque disruption. Our data demonstrate that inhibitors of the classical mitochondrial apoptotic pathway would confer only partial protection against oxLDL-induced apoptosis, because these inhibitors are not active on the AIF apoptotic pathway. Moreover, as the oxLDL-induced sustained calcium rise is a common trigger to necrosis and apoptosis, 19 protective drugs should act upstream from the peak of cytosolic calcium. A better understanding of upstream proapoptotic signaling activated by oxLDLs should permit the modulation of apoptosis and the prevention of plaque instability.
